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ABSTRACT 
 
Katherine Ann Minyard: Effects of Concussion History on Clinical Eye Tracking Measures 
(Under the direction of Johna Register-Mihalik) 
 
 Eye tracking is a growing measure of concussion deficits providing insight into 
complications caused by traumatic impacts. Clinical eye tracking measures may provide insight 
into specific complications resulting from concussion. The aim of this study was to use a 
retrospective data analysis to compare clinical eye tracking, particularly performance on the 
Developmental Eye MovementTM (DEM) and King-Devick (K-D) tasks, in college-aged 
individuals with and without concussion history. Additionally, we aimed to compare data 
collected for the DEM to currently existing normative values to assess for differences in 
performance between age groups. We observed no significant difference in performance between 
groups with and without concussion history, but that a significant difference existed between our 
sample and currently existing normative values for DEM, illustrating the need for establishment 
of new normative values as well as the need for additional study to determine deficits on these 
measures concerning potential long-term deficits of concussion.
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CHAPTER 1  
INTRODUCTION 
 Sports related concussion (SRC) is a public health concern with 1.1-1.9 million injuries 
occurring annually in the United States,[1] with up to 8% of adolescent sport-related emergency 
department visits resulting from concussion.[2] A concussion is defined as mechanical trauma 
transmitted to the brain causing disruption of normal neuronal function,[3] alterations in blood 
flow,[4] and disturbance of chemical balances in the brain critical to proper function.[5-7] 
Depending on injury severity, there is potential for loss of proper eye motility and function,[8] 
disruption of higher level brain function resulting in changes in affect and emotion regulation,[9] 
disturbance of proper ANS function including alterations in blood pressure and heart rate 
variability[2, 4, 10-13] and debilitating levels of dizziness and loss of proper balance function.[14] In 
adults who have sustained a concussion, as many as 14% experience difficulty with returning to 
normal occupation.[15] This is directly related to the number and severity of symptoms that can 
occur including headache, fogginess, alterations in normal emotional response and behavior, 
balance impairments, cognitive impairments, and disturbance of normal sleep and wake 
patterns.[14] These may occur with or without incidences of memory loss observable on 
assessment.[14] As the consequences of undertreated and poorly managed concussion such as 
persistent symptoms[4] and potential neurodegenerative effects[5] are better understood, 
delineating ramifications of concussion is essential to providing timely and appropriate care that 
could mitigate the occurrence of more serious consequences resulting from inadequate recovery. 
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The variety of symptoms that are involved in concussion necessitate a thorough 
evaluation process. According to the 5th International Conference on Concussion in Sport (2016), 
in addition to a physical examination, concussion assessment must[3] evaluate neurocognitive 
function, postural control, self-reported symptoms, and exertional testing.[1, 16] Previous 
concussion evaluation protocol relied heavily on primarily subjective reporting scales including 
the Standardized Assessment of Concussion (SAC) and Sport Concussion Assessment Tool-5th 
edition (SCAT5).[17] However, the SAC which is 80% sensitive with sideline assessments falls to 
31% sensitivity at day one post-injury,[16] making it ineffective for detecting the long term 
deficits that are possible with concussion. Additionally, this limits its scope for return to play 
decisions and other activity determinations. 
 The assessment limitations mentioned above necessitate the establishment of other 
modalities for analyzing the impact of concussion, especially once sub-acute deficits resolve in 
the days and months post-concussion. A rising area of research to address this need is clinical 
eye tracking as an assessment for acute concussion and the continuing deficits following a 
concussive impact.[1, 8, 12, 18-30] Despite potential benefits of eye tracking and its ability to detect 
significant nuances in neurologic performance,[26] there is need for further research to 
standardize values and determine significant ranges for clinical application,[1] as well as 
modalities  that would allow eye tracking assessment to be used in a variety of settings. The goal 
of this study was to pursue further understanding of the deficits and presentation of deficits 
associated with eye tracking and cognition in the months and years following concussion. The 
methods and procedures involved in this study allowed for a comparison of results between those 
with a history of concussion and those without. 
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1.1 Research Question 
 Are clinical eye tracking metrics different between healthy, physically active college 
students with a previous concussion history compared to those without a previous concussion? 
1.2 Research Hypothesis  
We expected those with a concussion history compared to those without would 
demonstrate worse vertical and horizontal scores, a higher error score, and a higher ratio score 
indicating impairment on the Developmental Eye Movement TestTM (DEM). We also anticipated 
that our results would be significantly different than the normative values that currently exist for 
the DEM due to differences in age group of our sample. The comparison between those with 
history of concussion and those without may assist with an understanding of the relationships 
between visual-verbal performance and oculomotor control. We also expected those with a 
concussion history compared to those without would demonstrate slower time to completion and 
more errors for the King Devick test (K-D) than those without a concussion history. The 
comparison between these two groups we anticipated would facilitate a better understanding of 
the clinical influence and use of the K-D as it relates to eye motility in saccadic tasks in 
combination with language function and attention.  
1.3 Clinical Significance 
 Although subjective symptom reports, balance assessments, and neurocognitive testing 
have comprised the concussion assessment battery up to this point, concussion remains difficult 
to assess. It is critical for the development of new assessments to be pursued in order to further 
understand deficits that may occur secondary to concussion, as well as to gain understanding of 
how concussion history impacts clinical assessments (especially in the area of vestibular 
function). Clinical forms of eye tracking evaluation are potential assessment strategies that show 
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promise in their ability to isolate and detect ongoing physiologic deficits that occur after 
concussion. They have the potential to indicate specific areas in which an individual may be 
compromised after injury such as ocular motility, reaction time, duration and control of fixation, 
and time required to focus. It is vital to establish an understanding of each of these areas and how 
each tie back to brain function, thereby allowing the clinician to make better informed decisions 
for the playing status of athletes or for the health of the general population. In addition, it is 
essential to understand how eye tracking in those with a history of concussion may change with 
the addition of either a cognitive or physical load in order to fully comprehend deficits that have 
greatest effect and morbidity in athletic populations. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Introduction  
 With 1.1-1.9 million cases annually, concussion is the leading form of traumatic brain 
injury (TBI) in the United States.[1, 9] Youth are increasingly at risk, with 8% [9] of sport-related 
emergency department visits attributed to brain injury.[2, 31] In addition, with an estimated 170 
million adults participating in athletic activities linked to higher incidence rates of concussion,[32] 
it continues to be a significant issue in older populations. SRC is a subgrouping of TBI caused by 
biomechanical forces acting on the brain via either a direct blow to the head or a blow elsewhere 
to the body that transmits forces back to the head.[14] Typically characterized by transient 
symptoms that manifest immediately following injury, current investigations are attempting to 
establish connections between SRC and more insidious changes in the brain that may cause long-
term dysfunctions which are hard to detect with the current standards of concussion screening 
and assessment.[14] 
 Symptoms of SRC include headache, fogginess, alterations in normal emotional response 
and behavior, balance impairments, cognitive impairments, and disturbance of normal sleep and 
wake patterns.[14] Signs immediately observable to the clinician may include loss of 
consciousness; anterograde or retrograde amnesia (inability to remember occurrences after 
impact or prior to impact respectively); and neurological deficits including ocular motility 
dysfunction, which occur in up to 85% of individuals with a concussion injury.[8, 14, 24] According 
to the 5th International Conference on Concussion in Sport (2016),[14] any one of these signs or 
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symptoms merit suspicion of SRC. However these symptoms may also be non-specific to 
concussion, which adds to the challenges of assessment.[14] The concussion assessment protocol 
must be multifaceted in scope in order to include the wide range of clinical signs and symptoms.  
Sideline evaluation of SRC includes neuropsychological batteries assessing attention and 
memory such as the SCAT5, an expansion on SAC. Other sideline assessments address balance 
(the Balance Error Scoring System [BESS]) and eye motility/ocular function (Vestibular/Ocular 
Motor Screening [VOMS]). Despite the seeming thoroughness of these evaluations, there is still 
significant concern regarding the effectiveness of current diagnosis and return to play processes 
because immediately poorly managed concussion can lead to secondary concussion or 
musculoskeletal injury;[4 11] connections between concussion and cognitive deficits such as 
clinical depression and post-traumatic stress disorder (PTSD); and the risk of developing 
conditions such as Alzheimer’s or chronic traumatic encephalopathy (CTE).[33] With serious 
secondary issues related to SRC it becomes essential to determine how some of the more 
insidious effects may manifest. Traditionally SRC results in acute, functional symptoms that 
evolve rapidly and usually resolve along a standardized trajectory. However, recent research 
findings support prolonged physiologic deficits[34] that must be addressed in order to ensure 
safest possible return to play protocol. 
2.2 Pathophysiology  
 A concussive impact triggers a neurometabolic pathway resulting in an influx of calcium 
and efflux of potassium ions.[6, 7] Uncontrolled glutamate release results in impairment to 
mitochondrial function, and a secondary energy crisis in the cerebrum then occurs.[5] Various 
imaging techniques, such as Magnetic Resonance Imaging (MRI) and Diffusion Tensor Imaging 
(DTI), have shown that this shift in ions simultaneously affects widespread areas of the brain.[26] 
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Areas potentially affected include the insular cortex, the part of the central autonomic network 
that is responsible for the integration of sympathetic and parasympathetic neural activity,[2] as 
well as  the nucleus tractus solitarii and the caudal and rostral ventrolateral medullae, which are 
believed to be responsible for the coordination of the autonomic cardiovascular system, and other 
autonomic nervous system (ANS) functions. [5, 11] In addition, a secondary hypoactivity of the 
prefrontal cortex (PFC) linked to concussion is associated with anxiety, depression and post-
traumatic stress.[10]  Further areas affected include the frontal lobe, basal ganglia, superior 
colliculus, and the cerebellum[20] each of which play a significant role in eye movement.[8, 26]  
Along with the neurometabolic changes post-concussion, traumatic forces contacting the head 
may cause elongation and deformation of neurons and blood vessels of the brain, compromising 
structural stability between the areas mentioned,[3] as well as diffuse axonal injury (DAI) to 
subcortical white matter.[26] Changes in neuronal permeability due to these forces have been 
posited to affect and facilitate the previously mentioned ionic crisis that occurs.[3] The 
combination of all of these factors is believed to explain some of the variety in symptoms that 
can occur with concussion. 
2.2.1 Observable Affects 
 The connection between these pathological changes and the observed pathological 
deficits in cognitive performance and affect experienced after concussion is not fully 
understood.[3] ANS deficits after concussion have been shown using measures of heart rate 
variability (HRV) via baroreceptor sensitivity[4] and increased sympathetic neural activity 
resulting in increases in stiffness of peripheral arteries,[4, 13] blood pressure regulation, and 
cerebral blood volume and velocity.[4] These link closely with both sympathetic and 
parasympathetic regulation. 
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2.2.2 Autonomic Nervous System Response 
 The balance between the sympathetic and parasympathetic nervous systems plays a role 
in control of involuntary physiological functions including blood pressure, heart rate,[35] and 
digestive function.[36] Without this balance, it is impossible for the body to adapt to 
environmental changes such as stress, exercise, and temperature. The union of these two 
branches composes the ANS and is responsible for homeostasis within the body.[36]  
2.2.3 Heart Rate Variability  
 HRV is the quantification of variations from beat to beat in heart rate. These beats are 
controlled by the action of sympathetic and parasympathetic nervous systems and change in 
response to extrinsic and intrinsic stimuli.[2, 4, 9-11] After a concussive impact, hypoperfusion of 
the insular cortex, where ANS branches are integrated, results in decreased HRV.[4]  Reductions 
in HRV correspond to inhibition of the ANS’s ability to regulate and adjust to environmental 
changes. With ANS reactivity and adaptability and the ability to regulate emotional response 
believed to be compromised following concussion,[9] the impact of HRV deficits due to 
sympathetic and parasympathetic modulation impairment may extend into areas of emotional 
regulation [4, 9] and cognitive function.[4] Executive and selective attention may be impacted with 
decline in cognition, hypoactivity of the PFC could contribute to anxiety, depression, and 
posttraumatic stress disorders, which have the potential to arise secondary to concussion.[2, 4] It 
has been found that elevated HRV levels are linked with more successful outcomes and better 
performance with cognitive function and adaptability to stressors.[4, 10] Reductions in HRV occur 
in direct relation to severity of TBI.[2, 10]  
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2.2.4 Cerebral Blood Volume/Velocity  
Cerebral blood flow (CBF) regulation is affected following a head impact due to the 
elevated metabolic levels described above. This decrease in CBF leads to a critical state of 
energy deficit and has been found to extend up to eight days following injury, even if other 
symptoms have resolved.[4] This change in CBF is also linked to decreases in cognitive 
performance and a longer return to play. Furthermore, disruption in blood flow to the insular 
cortex can facilitate the cardiovascular dysfunction related to HRV.[4]  
 Concussion has also been associated with elevations in diastolic blood pressure and mean 
arterial pressure. Furthermore, it has been found that recovery of blood pressure aligns with 
symptom resolution, whereas HRV may not recover despite observable symptom resolution[2] 
due to the uncoupling of branches of the ANS believed to occur[4]   
2.3 Oculomotor and Vestibular Function 
 The areas of the brain affected by concussion influence individual and often interrelated 
systems. The PFC, which undergoes hypoactivity secondary to a head impact,[10] assists with a 
number of executive functions including direction of attention, memory, and retention of 
information. This implies that physiological regulation (specifically ANS and SNS),[10, 11] 
cognition, and affect or emotional regulation[9] are inextricably intertwined. Since the PFC is also 
connected to regulation of cardioacceleratory circuits responsible for heart rate and HRV, it has 
been proposed that these objective measures provide an index of cardiac function.[11] 
Confirmation of this mechanism of action has been found in tests that mechanically inhibited 
action of PFC, resulting in increases in heart rate in test subjects.[11]  
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2.3.1 Oculomotor Function 
 The cerebrum, brainstem, and cerebellum are each involved in neural pathways for 
creating eye movement.[8, 19, 37] Eye movement deficits occur in 40-85% of brain injuries 
including concussion,[8] with those who have sustained one primarily experiencing decreases in 
performance with ocular motility,[20] and these deficits typically manifesting as dysfunction 
including blurred or double vision and loss of focus.[23] Risk of oculomotor dysfunction is high 
with brain injuries due to the fact that multiple regions of the brain and their connecting cortical 
networks are involved. These findings lead to the utilization of eye tracking as a measure of 
concussion. Eye motility is regulated by three sets of muscles[8] and can be measured with a 
battery of volitional and involuntary movements testing for deficits that may manifest with visual 
acuity and discrimination.[8, 12, 20, 22, 37, 38]   
 Various metrics analyzed when studying eye movements include saccades (specifically 
prosaccades and antisaccades), fixations, smooth pursuits, convergence, and gaze stability. Each 
metric falls within the realm of functions commonly impaired after concussion[12, 18] and can be 
observed in both the vertical and horizontal planes. Saccades are rapid, accurate, ballistic shifting 
of gaze to a new area of interest.[20] These movements are studied because they require the 
complex coordination and timing of neural circuitry in numerous different brain areas (including 
the frontal lobe, basal ganglia, superior colliculus, and the cerebellum) and therefore are likely to 
indicate injury to one of these areas.[20] They can also be implemented to study reasoning and 
information integration.[22] Specific types of saccades studied include prosaccades and 
antisaccades. Prosaccades are either a voluntarily controlled or reflexive movement towards a 
visual stimuli whereas antisaccades require a subject to inhibit reflexive saccades towards a 
stimulus and generate saccades in the opposite direction, providing a measure of higher level 
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cognitive function with a greater cognitive load.[8] Fixations are used to assess memory, 
retention, and time to comprehension.[22] Smooth Pursuit Eye Movements (SPEMs) are not 
voluntarily controlled and are sensitive to continuously moving objects.[19] Convergence and 
accommodation are assessments used in cases of double vision. Near point convergence (NPC) 
assessments identify the amplitude of an individual’s convergence range (the point at which they 
begin to see double). This assessment is vital for analysis of potential concussion due to the fact 
that nearly half (45%) of individuals who have sustained a concussion experience NPC 
deficits.[23] Gaze stability is a measure of the ability to maintain a fixed field of vision while the 
body or head is in motion, a deficit commonly found in eye tracking tasks post-concussion.[12, 31]  
2.4 Concussion Evaluation  
 Concussion evaluation typically involves a combination of various assessments including 
subjective reporting of concussion-related symptoms, balance or postural control tests, and 
assessment of cognitive function.[16] There is significant variability in the batteries that may be 
employed to obtain measures from each of these areas, which adds to the complications 
commonly associated with accurate diagnosis and progression of concussion recovery.  
2.4.1 Sideline Evaluation 
 SRC concussion evaluation typically begins with a sideline assessment.[14] The most 
common way to report symptoms involve self-report of symptoms using the SCAT,[17] the Post-
Concussion Symptom Checklist, or simplified versions of symptom scoring that attempt to 
eliminate any confounding symptoms that may not be related to concussion.[16] Symptom 
checklists allow for simple comparison of reported deficits and deficiencies following 
concussion. Following sideline evaluation, a thorough concussion assessment involves both 
balance and neurocognitive assessments.[14] 
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2.4.2 Balance Assessment 
 Common postural control and balance assessments include the BESS and Sensory 
Organization Tests (SOT). BESS assesses postural control through three different scenarios and 
surfaces .[39] Scenarios include tandem and single leg stance on surfaces from stable to foam. 
However, the pertinence of this test for ruling in concussion has been brought into questions due 
to issues with interrater reliability.[40] SOT analyzes changes in a subject’s center of pressure by 
asking them to maintain a normal stance through different conditions that include a combination 
of eyes open or closed and varying visual surroundings. Composite scoring reflects general status 
of an individual’s balance mechanisms: visual, vestibular, and somatosensory.[16] Each of these 
can be used as indicators for identifying sensory integration deficits which directly relates to 
athletic performance and risk of sustaining further injury,[16] yet questions still exist surrounding 
their overarching ability to accurately assist in diagnosis of concussion.[40] 
2.4.3 Neurocognitive Testing 
 Neurocognitive testing is the final paradigm of concussion assessment. The SCAT-5 
includes a section of cognitive function, but computerized cognitive testing has become more 
common to assess functioning. Common computer-based assessments include the ImPACT 
assessment[16], the K-D test[41], and CNS Vital Signs. The ImPACT assessment includes a battery 
of questions administered via a computer platform and has been found to have an 82% sensitivity 
for concussion evaluation if used within 72 hours of injury.[16] The K-D test is comprised of a 
series of four cards (one practice and three test), with each card containing eight rows of five 
single digit numbers. Individuals are timed as they are instructed to read the numbers aloud as 
quickly as possible. Results are calculated based on number of errors and comparison to 
normative values and to baseline for the individual (if available).[42] CNS Vital Signs was 
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developed as a neurocognitive battery to assess verbal and visual memory along with attention 
and symbol digit coding, each of which may be utilized to detect deficits following 
concussion.[43]  
2.4.4 Clinical Oculomotor Assessment and Vestibular Function 
 Less frequently employed paradigms of clinical concussion assessment are assessments 
that measure either the individual contribution or combination of vestibular and oculomotor 
function. The most common assessment used to measure the combination of vestibular and 
oculomotor function is the VOMS.[44] The VOMS begins with individuals ranking the presence 
of symptoms for headache, dizziness, nausea, and fogginess on a scale from 0-10 (the higher the 
ranking, the more severe the symptom). The number the individual ranks for each symptom 
becomes his/her baseline. Following baseline symptom reporting,[14] five different tasks are then 
performed to measure to following: smooth pursuits, horizontal and vertical saccades, 
convergence, horizontal and vertical vestibulo-ocular reflex (VOR) and visual motion sensitivity 
(VMS). At the conclusion of each individual task, individuals are again asked to rank the same 
four symptoms they originally reported at baseline on a scale from 0-10 to assess provocation of 
symptoms as a result of the tasks being performed for comparison to baseline.[42] Studies have 
found that those who experience elevation in symptom levels after performing the VOMS tasks 
may experience longer recovery time.[44, 45] The VOMS assessment is a simple, clinical 
assessment and may be implemented in a sideline setting. However, it lacks the ability to identify 
specific areas of dysfunction and only includes one objective measure of potential deficit in the 
convergence portion.[42] 
One of the most common clinical assessments used to measure oculomotor function is the 
King-Devick assessment (K-D). The K-D test has been found to be useful as a sideline 
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assessment when used with a comparison to baseline values in detecting concussion via ocular 
motility.[27, 41, 46] As discussed above, K-D is comprised of a series of four cards (one practice 
and three test), with each card containing eight rows of five single digit numbers. Individuals are 
timed as they are instructed to read the numbers aloud as quickly as possible. Results are 
calculated based on number of errors and comparison to normative values and to baseline for the 
individual (if available).[42] The K-D has reasonable backing for its implementation in a 
concussion evaluation program due to consistent findings of deficits in completion time in 
concussed individuals when compared to their respective baselines.[25] The K-D test is limited 
due to the fact that its primary measure is of saccades, while other metrics of interest with 
concussion include those found in VOMS or other technology-based assessments.[42] 
Oculomotor function, specifically saccadic function, can also be assessed using the 
Developmental Eye MovementTM test (DEM). Originally developed for use in children, it has 
since been expanded on and recommended to adult populations, although normative values are 
still developing for populations over the age of 13.[47] The goal of the test is to establish traits of 
fixational and saccadic activity in both reading and nonreading tasks.[47] The DEM involves three 
different cards, two (card A and B) with 40 numbers spaced vertically and one (card C) with 80 
numbers placed horizontally.[48] Scoring occurs first by calculating the horizontal adjusted score 
response time using the following formula: [time in seconds x 80/(80 – omissions in reading + 
number of errors)], where time is the time to successful completion of horizontal reading, 
omissions are the number of figures skipped while reading, and errors are the number of figures 
read incorrectly. The vertical score is simply the time spent completing the two cards of vertical 
numbers. The ratio score is calculated by taking the calculated horizontal adjusted score response 
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time and dividing it by the vertical time. The result is then compared to a set of normative 
values.[47] 
2.4.5 Graduated Return to Sport (RTS) Strategy 
 While the goal of each of these assessments is to determine whether or not a concussion 
has been sustained, they are also used to guide return to participation decisions. A typical 
progression following concussion involves at least 24-48 hours of symptom relief or 
improvement. Following this time frame, six stages are followed including: symptom-limited 
activity, light aerobic exercise, sport-specific exercise, non-contact training drills, full contact 
practice, and finally full return to sport.[14] This progression may be interrupted by the 
reappearance of symptoms and higher level testing may allow those at risk for longer recovery 
time to be identified. More objective measures of concussion recovery may allow for facilitation 
of this process and eliminate some of the complications that arise with athletes who are eager to 
return to sport and may incorrectly report their symptom status.[49]  Better measures also allow 
the clinician to objectively track progress and identification of signs that may manifest 
throughout the process would more easily be identified and guide the clinician through RTS. 
2.4.6 Advanced Measures of Concussion 
 In addition to the clinical measures of concussion above, more advanced assessments 
such as MRI or functional MRI (fMRI) and electroencephalography (EEG)[50] have been 
researched in an attempt to measure ongoing concussion deficits that have been postulated to last 
beyond recovery of symptoms.[34] The use of fMRI has allowed detection of areas of the brain, 
specifically right frontal and parietal cortex, that are hyperactive following concussion, while 
other areas of the brain are decreased in their normal function.[51] Studies involving EEG have 
found that, although individuals are able to successfully complete a variety of concussion 
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assessments, they do so with less efficient processes, therefore indicating ongoing physiologic 
deficits in brain function.[52] This has dramatic ramifications for RTS decisions as those still 
functioning at a deficit are at increased risk for reinjury[52] and reiterates the need for affordable, 
more objective measures that can detect these ongoing physiologic deficits as it is not feasible 
for fMRI or EEG to be performed on patients in many settings. 
2.5 Eye Tracking and Concussion 
2.5.1 Utilizing Eye Tracking in the Assessment of Concussion 
  Utilizing eye tracking as a concussion measurement is growing in significance due to its 
ability to isolate and identify deficits secondary to concussion both acutely and for extended 
periods of time following injury.[14] When compared to other widely used measurements such as 
balance assessment and postural control, eye tracking can be a powerful tool as it has the ability 
to pick up deficits the occur as a result of injury which extend beyond the widely known acute 
concussion symptoms.[14] Clinical balance and postural control assessments have been found to 
return to normal much quicker (within a matter of days), while other dysfunctions not assessed in 
the usual post-injury care (such as ocular motility, gaze, and fixation) may continue.[53] Various 
methods of eye tracking assessment incorporate these other measures that can be overlooked in 
traditional post-injury care. This indicates the clinical utility of eye tracking’s ability to detect 
long-term deficits.  
2.5.2 Types of Eye Tracking Assessment 
 Because of recent findings showing vestibular and eye movement dysfunctions in athletes 
post-concussion, research has begun to utilize modalities which implement facets of both eye 
tracking and cognitive function. These modalities have been clinical assessments, such as the K-
D and DEM,[27-30, 46] or technology-based eye tracking paired with a cognitive task.[19, 54] Early 
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technology-based eye tracking studies implemented a chin rest to stabilize head position while 
acquiring data as subjects were presented with a visual stimulus such as a video recording or 
dot/target tracking.[23, 54-59] These early measurements provided information regarding the 
influence of SRC on visual performance and allowed for attempts at measuring dynamic eye 
tracking performance through settings that involve more than one visual or auditory cue and 
incorporate reaction time to measure optokinetic nystagmus and vestibular function.[60] Dynamic 
eye tracking studies have utilized various platforms, such as the Wii, to simulate game 
scenarios.[61, 62] Additional studies measuring dynamic eye tracking performance have utilized 
more advanced technology such as free head movement and glasses embedded with eye tracking 
technology that allow better real-time tracking of more diverse tasks.[20, 63-65]   
 The variables and metrics recorded in these studies vary from SPEMs to saccades and 
fixations as well as optokinetic stimulation.[39-53] Specific clinical measures include velocity gain 
and latency for smooth pursuits, position and accuracy based on task, presence of saccades in a 
SPEM task,[60] pupillary reaction time[56], prosaccades and antisaccades, and fixations (count, 
time to fixation, average fixation duration, and total fixation duration).[39-53] 
2.5.3 Cognitive Tasks Used with Eye Tracking 
 Considering the above metrics, cognitive tasks paired with eye tracking assessments lend 
further insight into cognitive deficits that have been observed to occur with concussion and can 
help isolate specific variables as well as target more areas of potential deficit in a single 
assessment. Different tasks employed include a prerecorded video that moves around a screen,[54-
59] K-D, Wii-fit technology,[61, 62] and random dot tracking in various trajectories (circle, left-to-
right, random appearance).[20, 64, 66-69] Samadani et al. utilized an algorithm for eye tracking 
which plotted the position of left and right pupils for a period of 200 seconds and compared the 
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two as subjects watched a film clip.[54] A separate study by Samadani et al. used an Eyelink 1000 
eye tracker set at a distance of 55 cm with a chinrest for a period of 220 seconds while watching 
short clips. Binocular eye tracking was performed and an independent analysis of each pupil 
position was conducted.[56] Kolecki et al. used a similar clip structure while recording pupillary 
data at 500 Hz for 220 seconds, emphasizing the perimeter of a monitor.[55] Two studies by 
Howell et al. also used Eyelink 1000 setups in youth and adolescent populations comparing 
performance between concussion and non-concussion groups as they viewed a clip moving 
around a screen to track symptoms over time.[57, 58] A further study by Howell et al. combined a 
similar clip with dual-task gait speed and electroencephalography.[59] Studies with random dot 
racking used various setups, Astafiev et al. had subjects perform three tasks with a central red dot 
analyzing for delays in tracking via saccade motion threshold, saccade velocity threshold, and 
saccade acceleration threshold.[66, 69] Maruta et al. used circular target motion with eye 
movements recorded at 500 Hz while stabilizing the subject’s head. Target moved clockwise on 
a trajectory with 10-degree radius at 0.4 Hz.[68] 
 The K-D task focuses on eye motility in saccadic tasks[42] in combination with language 
function and attention.[46] Metrics for the K-D assessment include total number of saccades, blink 
count for each of the three test cards,[28] speed of completion,[30, 46] and reaction times.[28] 
Similarly, the DEM assesses cognitive function and reading capabilities via saccadic eye 
function.[47, 48] Metrics for the DEM are based on the adjusted time to completion taking into 
account the number of reading errors and omissions as a ratio of vertical reading to horizontal 
reading of numbers. Normative values are then used to determine whether or not a significant 
deficiency exists based on previously collected data.[47] The DEM is a promising test that has the 
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potential to facilitate accurate identification of saccadic deficiencies post-concussion, and the 
value of the test is increased due to its simple structure.[48] 
2.6 Rationale for the Current Study 
 Concussive impacts have been found to result in a variety of negative effects. Ranging 
from subjective reports of headache, dizziness, and nausea to observable deficits in balance, 
vestibular function, and neurocognitive performance. Clinical practice up to this point has been 
limited in its ability to accurately assess the more insidious and lingering effects of concussion.  
Normal subjective symptom scores and performance on balance tests may present despite 
ongoing physiologic deficits as has been found with more advanced clinical measures of 
concussion such as MRI, fMRI, and EEG. Due to this finding it is essential to establish simple, 
effective measures that can detect ongoing deficits. Secondarily, additional concerns of 
concussion assessment include the influence that concussion history may have on performance as 
well as elevated risk of long-term complications.[70] There is a growing backing of research 
supporting oculomotor function assessment and eye tracking measurements to address both the 
gap in concussion assessment and the effects of concussion history. It is the goal of this study to 
determine the potential utilization of clinical eye tracking metrics to assess lingering deficits. 
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CHAPTER 3 
METHODS 
The primary aim of this study was to compare clinical eye tracking performance between 
those with and without a concussion history. This comparison will be made using two separate 
clinical eye tracking testing mechanisms, the Developmental Eye Movement TestTM (DEM) and 
King-Devick Test (K-D), assessing different aspects of oculomotor deficits that may occur in 
those with and without a concussion history. 
3.1 Study Design, Setting, and Participants   
To assess the primary aim of this study, a retrospective data analysis of a prospective 
cohort was performed. Data collection for the original study occurred in a sports medicine 
research lab. The methods described below are the procedures from the original study relevant to 
the current study’s primary aim.  
Participants were recruited from the student body of UNC-CH and ranged from 18-30 
years old. Inclusion criteria was based on the 18-30 age range and required that participants be 
active for at least 30 minutes of physical activity at least three days per week. Exclusion criteria 
included permanent vision loss in one or both eyes, strabismus, amblyopia, any visual surgery 
within the past six months, and/or current participation in visual or vestibular therapy. Study 
limitations included the convenience sample of participant representation, participant motivation, 
and availability of information on eye rehabilitation that participants may have engaged in in the 
past.
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3.2 Specific Instrumentation  
3.2.1 Demographic Questionnaire 
 A questionnaire (Appendix I) was administered to all participants to collect demographic 
information, academic history, and medical history. Questionnaire variables of interest to the 
current study included age, sex, height, head circumference, concussion history, presence of 
ADHD or learning disabilities, history of migraines, regular hours of sleep, and sport 
participation. 
3.2.2 Developmental Eye Movement TestTM 
This study used the DEM to measure performance in reading abilities by recording time 
to completion, errors, and ratio scores (Figure 3.2). The DEM is a is three-minute visual-verbal, 
ocular-motor control assessment used to diagnose visual and language problems associated with 
reading ability. The DEM includes three test cards (A, B, C) measuring 216x279 mm. Test cards 
A and B are similar in format and both consist of 40 single digit numbers organized into two 
vertical columns equally spaced. Test card C consists of 80 single digit numbers organized into 
16 rows with five digits per row. Each number is unevenly spaced apart. All three cards were 
used in the current study. The outcomes of interest to the current study were horizontal, vertical, 
error, and ratio score (described below in the procedures section). 
3.2.3 King-Devick Test 
 The K-D assessment was used in this study to assess eye motility in saccadic tasks[42] in 
combination with language function and attention.[46] Metrics for the K-D assessment included 
total number speed of completion,[30, 46] and number of errors.[79] The three-minute visual 
assessment was administered on a 9.7 iPad Air in conjunction with a paper scoring sheet 
completed by the administrator. One demonstration card followed by three test cards were 
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administered sequentially, with each card containing 10 rows of five single digit numbers 
randomly spaced on each row.[71] The outcomes of interest to the current study were final time 
for completion and number of errors in task completion. These outcomes are described below in 
the procedures section. 
3.3 Procedures 
 Following consent, participants in the study completed a demographic questionnaire and 
were walked through test protocol for the DEM and K-D tests. Each assessment was performed 
twice, and final outcomes for this study were means of both trials. For the DEM, both the 
participant and administrator were seated at a table. Prior to testing, participants were given 
instructions to read aloud all the numbers as quickly and accurately as possible without using 
their finger as a guide. The administrator also instructed participants to wear any eyewear if 
needed. For test cards A and B, participants were instructed to read the numbers from top to 
bottom, starting with the left column and continuing to the top of the second column. For test 
card C, the participants were instructed to read the numbers normally from left to right, top to 
bottom. The test administrator recorded the completion time for each card on the scoring sheet 
and mark which numbers were read incorrectly. If a participant used their finger to complete the 
test, this was noted.  The use of a finger as a guide is correlated with slower time results rather 
than improved and thus is not a disqualifying issue.[72] Key scores were calculated upon test 
completion. These scores included: 1) vertical score (the total time required to complete test 
cards A and B); 2) horizontal score (the time needed to complete test card C, with an adjustment 
according to the errors made); 3) error score [the total number of errors (substitution, omission, 
addition, and transportation) made on test card C]; and 4) ratio score (the ratio of the horizontal 
score to the vertical score). Per DEM guidelines, the horizontal score was adjusted using the 
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following formula: adjusted horizontal score = test C (time in seconds)×80/(80-
omission+addition).[47] These results were then compared to a set of normative values established 
in the literature.[47] In summary, an adjusted horizontal score, vertical score, error score, and ratio 
score were calculated for each participant. Abnormal scores were not calculated in the current 
study due to differences in our age sample and established norms (see analysis section and 
results). 
For the K-D test, the test administrator and participant were seated at a table and the K-D 
platform was loaded on the test App. The participant then received the iPad and was instructed to 
hold the iPad comfortably as if for reading. The test administrator explained the content of the 
exam and the participant was instructed to read as quickly as possible while maintaining 
accuracy. The administrator cautioned participants not to use their finger for guidance during the 
exam. If participants normally wore eyewear they were instructed to do so during the test. 
Touching of the screen progressed participants from the practice card to the three test cards 
following participant acknowledgment of instructions. During the test, the administrator recorded 
any errors made on a scoring sheet. The App recorded completion time for each card as well as 
total completion time for all three test cards. Primary outcomes for the K-D included number of 
errors and time during the test. Outcomes were calculated via the K-D app and output to the 
study dataset.  
3.4 Data Reduction and Statistical Analysis  
Dependent and independent variables and associated statistical analyses are summarized 
in Table 3.4. Descriptive statistics summarized all variables of interest including means and 
standard deviations as well associated 95% Confidence Intervals for continuous variables where 
relevant. Frequencies and percentages were calculated for categorical variables of interest. 
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Descriptive variables of interest included age, sex, history and number of concussions (if 
applicable), height, head circumference, hours of sleep (weekdays, weekends), and sport 
participation. We also described key characteristics (age, sex, height, head circumference, 
ADHD, learning disabilities, migraines, regular hours of sleep, and sport history (contact/non-
contact) in the overall sample and by concussion history groups. Covariate considerations of sex 
and sport history (contact, noncontact) were used for analysis of horizontal, vertical, error and 
ratio scores for the DEM as well as for analysis of final time and errors for the K-D test. All 
analyses are outlined below. 
Separate multiple regression models (general linear models) were used to examine how 
individuals’ concussion history in the context of potential covariates (sex and sport history) may 
explain DEM horizontal, vertical, error, and ratio scores. Due to the lack of normative data in 
older populations (above the age of 13), single sample t-tests were for each DEM outcome 
compared our sample to the oldest available age norms (age 13).[79] Any significant differences 
in score following this comparison were used to determine the need for a separate normative 
dataset.  
Separate multiple regression models (general linear models) were used to examine how 
individuals’ concussion history in the context of potential covariates (sex and sport history) may 
explain each of the two outcomes for the K-D test.  
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Table 3.1 Statistical Analyses and Variables 
Research Questions IV Task DV Analysis Type 
Are clinical eye 
tracking metrics from 
the DEM different 
between physically 
active college students 
with a concussion 
history compared to 
those without a 
previous concussion? 
Concussion 
History DEM 
o Vertical Score 
o Horizontal Score 
o Error Score 
o Ratio Score 
 
Multiple Linear 
Regression Models 
[1 for each outcome 
controlling for sex 
and sport history 
(contact, con-
contact)] 
 
Descriptive sub-aim 
for the above: Are our 
sample’s DEM 
outcomes comparable 
to available normative 
values? 
Sample 
(current 
study vs. 
normative 
values) 
DEM 
o Vertical Score 
o Horizontal Score 
o Error Score 
o Ratio Score 
 
Single sample t-test 
Are clinical eye 
tracking metrics of 
time and error from K-
D different between 
physically active 
college students with a 
concussion history 
compared to those 
without a previous 
concussion? 
Concussion 
History K-D 
 
o Time to complete 
the task 
o Number of errors 
in task completion 
Multiple Linear 
Regression Models 
[1 for each outcome 
controlling for sex 
and sport history 
(contact, non-
contact)] 
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CHAPTER 4 
MANUSCRIPT 
4.1 Overview 
Sport-related concussion (SRC) is a public health concern with 1.1-1.9 million injuries 
occurring annually in the United States.[1, 9] Concussive injury results in a number of symptoms 
including headache, fogginess, alterations in normal emotional response and behavior, balance 
impairments, cognitive impairments, and disturbance of normal sleep and wake patterns.[14] 
Additionally, depending on injury severity, there is potential for loss of proper eye motility and 
function,[8] disruption of higher level brain function resulting in changes in affect and emotion 
regulation,[9] disturbance of proper ANS function including alterations in blood pressure and 
heart rate variability,[2, 4, 10-13] and debilitating levels of dizziness and loss of proper balance 
function.[14] The debilitating effects of these symptoms range from the case of most individuals 
who suffer cognitive and balance deficits[14] to those who experience persistent symptoms such 
as migraines, post-traumatic stress disorder (PTSD), anxiety, and continued disruption in 
attention and sleep patterns.[14]A significant proportion of youth concussion cases result in 
vestibulo-ocular dysfunction,[73] increasing the risk of lower extremity injury, while mental and 
cognitive symptoms can directly affect classroom performance, [74, 75] making the impact of 
concussion multifaceted. As for adults who have sustained a concussion, as many as 14% 
experience difficulty with returning to normal occupation due to cognitive complications such as 
a decline in verbal fluency and task initiation[15] and oculomotor symptom impairment that 
negatively impacts visual processing and integration of information.[19] These symptoms 
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necessitate further study of the functional deficits of concussion, especially those that relate to 
oculomotor and vestibular function. Current concussion assessment paradigms are limited due 
to a lack of understanding of long-term concussion deficits; specifically, current evaluation 
processes are not equipped to detect long-term deficits. For initial concussion assessment, 
according to the 5th International Conference on Concussion in Sport (2016), in addition to a 
physical examination, concussion assessment must include a physical examination and  evaluate 
neurocognitive function, postural control, self-reported symptoms, and exertional testing.[1,3,16] 
Current concussion evaluation protocol relies heavily on primarily subjective reporting scales 
including the Standardized Assessment of Concussion (SAC) and Sport Concussion Assessment 
Tool -5th edition (SCAT5).[17] However, the SAC which is 80% sensitive with sideline 
assessments, falls to 31% sensitivity at just one day post-injury,[16] making it ineffective for 
detecting the long-term deficits that are possible with concussion. Additionally, this limits its 
scope for return to play decisions and other return to activity determinations. Postural control and 
balance assessments such as the Balance Error Scoring System (BESS) are limited by the 
subjectivity of their reporting scales,[76] and current clinical eye tracking and vestibular 
assessments such as the VOMS, while fairly successful at identifying concussions,[77] are unable 
to pinpoint specific deficits and also rely  on subjective scoring. In order to supplement these 
common assessments, additional concussion assessment tool considerations are needed to assess 
those variables related to higher level brain function impacted post-injury (cognition, eye 
tracking, vestibular function). 
 Specifically, these assessment limitations necessitate the establishment of additional 
modalities for analyzing the impact of concussion. However, even after symptom resolution as 
noted by current exams, there is still risk of ongoing compromise in function that is 
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undetected.[52] Since it is known that these risks exist, a guideline for assessment and detection 
must be developed. A rising area of research to assess this need is clinical eye tracking 
modalities as assessments for acute concussion and the continuing deficits following a 
concussive impact.[1, 8, 12, 18-30] Despite potential benefits of eye tracking and its ability to detect 
significant nuances in neurologic performance,[26] there is need for further research to 
standardize values and determine significant ranges for clinical application,[1] as well as units 
that would allow eye tracking to be used in a variety of settings. Therefore, the goal of this study 
was to pursue further understanding of the deficits and presentation of deficits associated with 
clinical and technology-based eye tracking and cognition in the months and years following 
concussion. Specifically, our aim was to assess clinical eye tracking metrics for differences 
between healthy, physically active college students with and without a concussion history.  
We hypothesized those with a concussion history would demonstrate worse vertical and 
horizontal scores, a higher error score, and a higher ratio score on the DEM. The comparison 
between those with and without a history of concussion may assist with an understanding of the 
relationships between visual-verbal performance and oculomotor control and use of the DEM in 
this population. We also hypothesized that those with a concussion history would have a slower 
time to completion and more errors for the K-D test. The comparison between these two groups 
will facilitate a better understanding of the clinical influence and use of the K-D as it relates to 
eye motility in saccadic tasks in combination with language function and attention. Findings 
from this study will help to dictate further progress towards development of affordable and 
precise methods of detecting the subtle and longer lasting deficits caused by concussion. 
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4.2 Design and Methods Overview 
4.2.1 Study Design Overview 
A retrospective data analysis was performed on a previously enrolled prospective cohort. 
Participants in the initial study were recruited from a collegiate university student body and 
ranged from 18-30 years old. Inclusion criteria was based on the 18-30 age range and required 
that participants be active for at least 30 minutes of physical activity at least three days per week. 
Exclusion criteria included permanent vision loss in one or both eyes, strabismus, amblyopia, 
any visual surgery within the past six months, or current participation in visual or vestibular 
therapy. The study was approved by the institutional review board and all participants provided 
informed consent. 
4.2.2 Instrumentation 
4.2.2.1 Demographic Questionnaire 
 A questionnaire (Appendix I) was administered to all participants to collect demographic 
information, academic history, and medical history. Questionnaire variables of interest to the 
current study included age, sex, height, head circumference, concussion history, presence of 
ADHD or learning disabilities, history of migraines, regular hours of sleep, and sport 
participation. 
4.2.2.2 Developmental Eye Movement TestTM 
The DEM is a is three-minute visual-verbal, ocular-motor control assessment used to 
diagnose visual and language problems associated with reading ability. It has a high reliability 
and is simple to implement, being used most frequently in youth populations.[78] The goal of the 
test is to establish traits of fixational and saccadic activity in both reading and nonreading 
tasks.[47] The DEM includes three test cards (A, B, C) measuring 216x279 mm. Test cards A and 
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B are similar in format and both consist of 40 single digit numbers organized into two vertical 
columns equally spaced. Test card C consists of 80 single digit numbers organized into 16 rows 
with five digits per row. Each number is unevenly spaced apart. Subjects completed all three 
cards for the current study. These scores included: 1) vertical score (the total time required to 
complete test cards A and B); 2) horizontal score (the time needed to complete test card C, with 
an adjustment according to the errors made); 3) error score [the total number of errors 
(substitution, omission, addition, and transportation) made on test card C]; and 4) ratio score (the 
ratio of the horizontal score to the vertical score). Per DEM guidelines, the horizontal score was 
adjusted using the following formula: adjusted horizontal score = test C (time in 
seconds)×80/(80-omission+addition).[47] These results were then compared to a set of normative 
values established in the literature.[47] In summary, an adjusted horizontal score, vertical score, 
error score, and ratio score were calculated for each participant.  
4.2.2.3 The King-Devick Test  
 The K-D task focuses on eye motility in saccadic tasks[42] in combination with language 
function and attention.[46] It has been found to be useful as a sideline assessment when used with 
a comparison to baseline values in detecting concussion via ocular motility.[27, 41, 46] It also has 
reasonable backing for its implementation in a concussion evaluation program due to consistent 
findings of deficits in completion time in concussed individuals when compared to their 
respective baselines.[25] Metrics for the K-D assessment included[28] speed of completion,[30, 46] 
number of errors.[28] The three-minute visual assessment was administered on a 9.7 iPad Air in 
conjunction with a paper scoring sheet completed by the administrator. One demonstration card 
followed by three test cards were administered sequentially, with each card containing 10 rows 
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of five single digit numbers randomly spaced on each row. Total time to completion and number 
of errors during completion were calculated for each participant. [71] 
4.2.3 Procedures 
Following consent, participants completed a questionnaire to collect demographic 
information, academic history, and medical history. Questions summarized variables of interest 
including age, sex, height, head circumference, concussion history, presence of ADHD or 
learning disabilities, history of migraines, regular hours of sleep, and sport history. Following the 
questionnaire, participants were walked through test protocol for the DEM and K-D tests. 
Participants completed both tests two times in the single testing session. Values utilized for these 
analyses were averaged from both trials.  
 For the DEM, both the participant and administrator were seated at a table. Prior to 
testing, participants were given instructions to read aloud all the numbers as quickly and 
accurately as possible without using their finger as a guide. The administrator also instructed 
participants to wear any eyewear if needed. For test cards A and B, participants were instructed 
to read the numbers from top to bottom, starting with the left column and continuing to the top of 
the second column. For test card C, the participants were instructed to read the numbers normally 
from left to right, top to bottom. The test administrator recorded the completion time for each 
card on the scoring sheet and mark which numbers were read incorrectly. If a participant used 
their finger to complete the test, this was noted.  The use of a finger as a guide is correlated with 
slower time results rather than improved and thus is not a disqualifying issue.[72] Key scores 
(vertical, horizontal, error, and ratio scores) were calculated upon test completion.  
For the K-D, the test administrator and participant were seated at a table and the K-D 
platform was loaded on the test App. The participant then received the iPad and was instructed to 
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hold the iPad comfortably as if for reading. The test administrator explained the content of the 
exam and the participant was instructed to read as quickly as possible while maintaining 
accuracy. The administrator cautioned participants not to use their finger for guidance during the 
exam. If participants normally wore eyewear they were instructed to do so during the test. 
Touching of the screen progressed participants from the practice card to the three test cards 
following participant acknowledgment of instructions. During the test, the administrator recorded 
any errors made on a scoring sheet. The App recorded completion time for each card as well as 
total completion time for all three test cards. Primary outcomes included number of errors and 
time to completion for the test. 
4.3 Data Reduction and Statistical Analysis  
Data for both trials of the DEM and K-D were averaged to produce a single measure for 
each proposed outcome. Descriptive statistics summarized all variables of interest including 
means, standard deviations (SD), and associated 95% Confidence Intervals (95% CI) for 
continuous variables where relevant, and frequencies and percentages for categorical variables. 
Descriptive variables of interest included age, sex, age, height, head circumference, concussion 
history, sleep during the week and on weekends, and sport history (contact vs. non-contact) were 
used to describe the study sample. Demographic statistics and key DEM and K-D outcomes were 
described based on concussion history. Single sample t-tests were used to compare our sample 
data to the current normative values for the DEM.[79, 80] Currently, normative data only addresses 
youth and adolescent age groups up until the age of thirteen. As such, we compared our sample 
to its closest age with the established normative values (aged 13 years).  
Separate multiple linear regression models were used to examine how individuals’ 
concussion history, when controlling for sex and sport group, may explain DEM vertical, 
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horizontal, error, and ratio scores. Additionally, separate multiple linear regression models were 
used to examine how individuals’ concussion history, when controlling for sex and sport group, 
may explain each of the two outcomes for the K-D test (time to completion and errors).  
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Table 4.1 Statistical Analyses and Variables 
Research Questions IV Task DV Analysis Type 
Are clinical eye 
tracking metrics from 
the DEM different 
between physically 
active college students 
with a concussion 
history compared to 
those without a 
previous concussion? 
Concussion 
History DEM 
o Vertical Score 
o Horizontal Score 
o Error Score 
o Ratio Score 
 
Multiple Linear 
Regression Models 
[1 for each outcome 
controlling for sex 
and sport history 
(contact, con-
contact)] 
 
Descriptive sub-aim 
for the above: Are our 
sample’s DEM 
outcomes comparable 
to available normative 
values? 
Sample 
(current 
study vs. 
normative 
values) 
DEM 
o Vertical Score 
o Horizontal Score 
o Error Score 
o Ratio Score 
 
Single sample t-test 
Are clinical eye 
tracking metrics of 
time and error from K-
D different between 
physically active 
college students with a 
concussion history 
compared to those 
without a previous 
concussion? 
Concussion 
History K-D 
 
o Time to complete 
the task 
o Number of errors 
in task completion 
Multiple Linear 
Regression Models 
[1 for each outcome 
controlling for sex 
and sport history 
(contact, non-
contact)] 
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4.4 Results 
4.4.1 Descriptive Analysis and Results for DEM and KD 
 A total of 108 participants (mean age 20.94±1.55 years) were included in the analyses. 
Majority of participants were female (n=69, 64.49%) and participated in contact sports (n=79, 
73.15%). Overall, n=21 (19.44%) noted a concussion history. Complete demographic 
information is reported in Table 4.2. The DEM vertical, horizontal, error and ratio score means, 
SDs, and 95%CIs for the full sample and by concussion history group are presented in Table 4.3. 
The same metrics for K-D outcomes are presented in Table 4.4.  
4.4.2 Comparison of Existing DEM Normative Values to Sample Values 
For comparison between existing DEM normative values for the oldest available age 
group (aged 13), results were as follows: our sample had significantly faster vertical times on the 
DEM than the population norm (t(107)= -24.21, p<0.0001). Our sample also had significantly 
faster horizontal times on the DEM than the population norm (t(107)=-25.92, p<0.0001). Our 
sample’s error score was significantly lower than the population norm (t(106)=-13.78, 
p<0.0001), and ratio score was significantly lower than the population norm (t(107)=-7.81, 
p<0.0001). All values for these normative comparisons are presented in Table 4.5. 
4.4.3 Adjusted Mean Differences and Confidence Intervals for Covariates Assessing Association 
of Concussion History with DEM and K-D Performance 
Table 4.6 includes multiple linear regression model statistics and adjusted mean 
differences (MD) by our concussion history groups and covariates for the study outcomes. 
Overall, our models associating concussion history with the DEM outcomes of vertical score, 
(F3,103=0.97; p=0.41; R2=0.03), horizontal time (F3,103=1.76; p=0.16; R2=0.05), error score 
(F3,102=1.62; p=0.19; R2=0.05), and ratio score (F3,103=1.74; p=0.16; R2=0.05) were not 
 36 
significant. Additionally, our models associating concussion history with K-D performance 
suggested no significant difference completion time (F3,101=1.74; p=0.16; R2=0.05) and number 
of errors (F3,101=1.49; p=0.22; R2=0.04) were not significant. 
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Table 4.2 Demographic summary for the study sample including mean and standard 
deviation (SD) with 95% confidence interval (CI) 
 Full Sample Mean±SD 
Concussion History 
Mean±SD 
No Concussion History 
Mean±SD 
Ages (years) 20.94±1.55 20.67±2.13 21.01±1.39 
Height 
(centimeters) 169.85±19.35 171.88±7.85 169.34±21.1836 
Head 
Circumference 
(centimeters) 
57.39±2.13 57.52±2.11 57.36±2.15 
Sleep During the 
Week (hours) 6.90±0.96 6.81±0.99 6.92±0.95 
Sleep on Weekends 
(hours) 7.90±1.03 7.75±1.02 7.93±1.04 
 Full Sample n* 
Concussion History 
n (%) 
No Concussion History 
n (%) 
Sex    
Female 69 12 (57.14) 57 (66.28) 
Male 38 9 (42.86) 29 (33.72) 
Missing  1 0 0 
Number of Concussions   
0 87 0 87 (100) 
1 17 17 (80.95) 0 
2+ 4 4 (19.05) 0 
Sport    
Contact 79 17 (80.95) 62 (71.26) 
Non-Contact 29 4 (19.05) 25 (28.74) 
Migraine History    
Yes 2 0 2 (2.30) 
No 106 21 (100%) 85 (97.70) 
ADHD History    
Yes 4 1 (4.76) 3 (3.45) 
No 104 20 (95.24) 84 (96.55) 
Concussion History    
Yes 21 21 (100) 0 
No 87 0 87 (100) 
*Sample sizes less than total sample are due to missing data for variable in question; no 
participant indicated a history of learning disability. 
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Table 4.3 Mean, standard deviation (SD), and 95% confidence interval (CI) for outcomes 
associated with the Developmental Eye Movement TestTM (DEM). 
 
Full Sample 
Mean±SD 
(95%CI) 
Concussion History 
Mean±SD 
(95%CI) 
No Concussion 
History 
Mean±SD 
(95%CI) 
Vertical Time  25.29±3.63 
(22.47,28.16) 
25.56±3.11 
(23.34,28.17) 
25.23±3.76 
(22.43,28.15) 
Horizontal Time  26.72±4.35 
(23.60,29.80) 
26.23±3.00 
(23.66,27.98) 
26.83±4.62 
(23.53,30.00) 
Errors 0.43±0.88 
(0,0.50) 
0.17±0.33  
(0,0) 
0.50±0.96  
(0,0) 
Ratio 1.06±0.09 
(1.00,1.10) 
1.03±0.07 
(0.98,1.08) 
1.06±0.09  
(1.00,1.11) 
Data presented in parentheses represents the 95% CI. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 39 
 
Table 4.4 Mean, standard deviation (SD), and 95% confidence interval (CI) for outcomes 
associated with the King-Devick test(K-D). 
 
Full Sample 
Mean±SD 
(95%CI) 
Concussion History 
Mean±SD 
(95%CI) 
No Concussion 
History 
Mean±SD 
(95%CI) 
Final Time (seconds) 39.97±6.01 
(35.40,43.00) 
38.45±4.45 
(34.50,40.90) 
40.34±6.31 
(36.15,43.73) 
Average Errors 0.19±0.44 
(0,0) 
0.02±0.11 
(0,0) 
0.23±0.49 
(0,0.50) 
Data presented in parentheses represents the 95% CI. 
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Table 4.5 Mean and standard deviation (SD) normative values for Developmental Eye 
Movement TestTM (DEM)[47] in oldest available populations compared to sample values. 
Outcome 
Mean (SD) of 
Available Oldest 
Normative Value 
(age=13.0-13.11) 
Mean (SD) 
Current 
Sample Value 
t107 p-value 
Vertical Time  33.75 (6.53) 25.29 (3.63) -24.21 <0.0001 
Horizontal Time  37.56 (7.23) 26.72 (4.35) -25.92 <0.0001 
Errors  1.61 (2.15) 0.43 (0.88) -13.78 <0.0001 
Ratio 1.12 (0.12) 1.06 (0.09) -7.81 <0.0001 
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Table 4.6 Adjusted mean differences (MD) and 95% confidence intervals (CI) assessing 
association of concussion history with Developmental Eye Movement TestTM (DEM) and 
King-Devick (K-D) outcomes. 
Outcomes Frequency (n) Adjusted MD p-value 
DEM Vertical Time  107   
     Concussion History  0.27 0.76 
     No Concussion History  ---  
     Female  0.67 0.37 
     Male  ---  
     Contact  1.21 0.13 
     Non-Contact  ---  
DEM Horizontal Time  107   
     Concussion History  -0.67 0.53 
     No Concussion History  -  
     Female  1.52 0.09 
     Male  -  
     Contact  1.52 0.11 
     Non-Contact  -  
DEM Errors 106   
     Concussion History  -0.37 0.09 
     No Concussion History  ---  
     Female  -0.16 0.37 
     Male  ---  
     Contact  0.22 0.25 
     Non-Contact  ---  
DEM Ratio 107   
     Concussion History  -0.03 0.12 
     No Concussion History  ---  
     Female  0.03 0.12 
     Male  ---  
     Contact  0.01 0.66 
     Non-Contact  ---  
K-D Final Time (seconds) 105   
     Concussion History  -1.99 0.18 
     No Concussion History  ---  
     Female  1.56 0.21 
     Male  ---  
     Contact  2.02 0.13 
     Non-Contact  ---  
K-D Errors 105   
     Concussion History  -0.20 0.07 
     No Concussion History  ---  
     Female  0.09 0.33 
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     Male  ---  
     Contact  0.03 0.80 
     Non-Contact  --- -- 
DEM: Vertical (F3,103=0.97; p=0.41; R2=0.03), Horizontal (F3,103=1.76; p=0.16; R2=0.05), Error 
(F3,102=1.62; p=0.19; R2=0.05), and Ratio (F3,103=1.74; p=0.16; R2=0.05) score statistics 
K-D: Completion time (F3,101=1.74; p=0.16; R2=0.05) and Number of errors (F3,101=1.49; 
p=0.22; R2=0.04) statistics 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 43 
4.5 Discussion 
 The current study was designed to inform use of more effective and affordable options 
for concussion assessment that can also more specifically pinpoint deficiencies in eye function 
following concussion. As such, this study collected data on DEM and K-D performance in those 
with and without a history of concussion. The current data provide additional information to 
attempt to isolate different detrimental effects of concussion, as well as assess covariates that 
may increase risk of these affects. Results were aggregated and compared both across full sample 
size and within concussion groups, and secondarily between covariates of interest (sex and sport 
history) for each outcome.   
Drawing from DEM normative values in youth and adolescents (aged 13 years), in our 
one-sample t-tests we observed significantly improved values in performance and number of 
errors over the current normative values available for the DEM.[47] This comparison allowed a 
distinction to be made between the two groups that will affect clinical application of the DEM 
assessment were it to be implemented in older populations. It can be assumed that the differences 
in normative values can be attributed to the normal learning curve of cognitive development. As 
described, there are no large normative value datasets available for the young adult, college 
specific age range; however, there are adaptations in varied populations of adults suggesting, as 
our study does, that additional normative values or test adaptations may be needed in older age 
groups.[93,94] This indicates further research and acquisition of broader normative baselines is 
necessary before these tools can be accurately implemented in management of concussion in 
adult populations. The new normative values found in our sample can be used to continue 
developing a knowledge base for interpretation of older groups.  
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We observed no associations between our concussion history groups and DEM or K-D 
outcomes. Previous studies have assessed adult populations with other eye tracking tests19] as 
well as performance of healthy individuals with the DEM and K-D,[82] but this study is the first to 
narrow down assessment to the DEM and K-D tests within the college aged population.[19] Other 
studies have performed assessments with those who have sustained a concussion and repeat 
assessments to compare results.[83] We also observed that our covariates of sex and sport history 
did not affect performance on the DEM. Current literature has not examined these covariates 
concurrently in this age group; thus, dictating the need for further comparison between groups.  
For the K-D test, our findings are difficult to compare to currently existing studies 
analyzing for differences in performance compared to baseline following concussion. 
Specifically, as the format of this study was a single testing session with no baseline history in 
order to make a comparison, this limits our capacity to compare to many previous studies.[27, 28, 
30] In addition, this study is focused on an older population from those that the K-D has 
traditionally been applied.[29, 46] A few studies have observed a difference in K-D scores in those 
with and without an acute concussion.[84] Our study is similar to previous studies that have 
assessed for differences in concussion history alone.[19, 30] Some of these studies found 
significant results in smooth pursuit and saccadic function on assessment, [19] which our study 
did not include. Others reflected similar findings to ours with no difference in performance 
between those with and without a concussion history.[30] One recent study that used a computer-
based K-D assessment with a population of active individuals in snow sports found that there 
was no correlation between self-reported concussion history and performance in saccades on the 
K-D  test, although they did find a significant difference in performance between those who had 
broken a helmet at the time of injury regardless of occurrence of concussion. The results of this 
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study mirrored our own findings in that reported concussion history was not significantly 
associated with performance on the assessment. Finally, we observed our covariates of sex and 
sport history did not have an effect on performance for the K-D, which can inform comparisons 
in future studies.[27, 28] These variables were controlled for as females and males may have 
differing history and contact sports have greater risk of concussion.[85] 
In contrast to expected outcomes, those with and with concussion history did not 
statistically differ on any of the four DEM measures or on the two K-D measures. These results 
may have been limited by the small sample in the concussion history group, as well as potential 
homogeneity of the data. However, our effect measure of R2 was small for all models (0.03-0.05) 
indicating a likely limited effect of lifetime concussion history on the measured outcomes. As 
such, there may be truly be no meaningful differences in these outcomes between the groups 
compared in this study. Additionally, chronicity of concussions was unavailable. As such, we are 
unable to understand how more recent concussions may influence the outcomes versus those that 
happened at an earlier time. Availability of normative values for DEM was limited by age group 
of current data sets. Results for the K-D may have been limited by selection of which 
components of the K-D to employ, as it is also capable of assessing blink and pupillary dynamics 
with some K-D assessment programs.[86] Furthermore, scores from these tests could be bolstered 
by additional testing and data collection, thus, the appendices (Appendix II) of this document 
contain recommendations for a pipeline with which to further assess the status of individuals and 
collect more data for assessment. 
4.6 Conclusions and Lessons Learned 
Overall, no differences were observed in the study sample on the outcomes assessed. 
Additionally, further research is needed utilizing the DEM and K-D to better understand utility in 
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investigating concussion history effects. If it can be established that these tests accurately 
indicate long-term effects of concussion, it can inform further treatment paradigms and 
interventions. However, if future research continues to indicate no differences by concussion 
history, findings may also indicate these outcomes are not affected in the long-term following 
concussion.  
 In addition to our conclusions, this study helps provide guidelines for future research. It 
indicates areas in which more data must be collected for appropriate clinical application of the 
exams discussed. These data provide support for different demographic and grouping variables 
which need to be further substantiated with more data collection. These findings also indicate 
certain tests, previously used in younger populations, may be useful in adult populations once a 
larger data pool exists. Furthermore, these tests may not have much sensitivity in this age group 
to determine concussion history effects. Next steps for research include establishment of norms 
for older age groups for the DEM and continuing to collect data for the K-D to determine its 
clinical efficacy in accurately identifying long-term effects of concussion. 
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APPENDIX I – Demographic Questionnaire 
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APPENDIX II - Exploratory Methods 
Study Design, Setting, and Participants 
 This cross-sectional, quasi-experimental study will recruit participants from a 
convenience sample of physically active college students enrolled at the UNC-CH who 
participate in at least 30 minutes of physical activity three times per week. The study will be 
conducted in a sports medicine research laboratory setting. Target populations will be club and 
recreational athletes with and without a concussion history. Participants will be excluded if they 
have a current concussion as defined by the Concussion in Sport Group’s[14] guidelines for 
diagnosis,[14] cardiovascular or pulmonary abnormalities, glasses with more than one power, 
history of eye surgery, eye movement or alignment abnormalities (lazy eye, strabismus, 
nystagmus), development or learning disabilities, or history of ADD or ADHD. Participants will 
not be excluded if they wear glasses or contacts corrected to 20/20 vision. Those who do not fall 
into exclusion criteria and have a history of diagnosed concussion will be assigned to the 
experimental group. Those who do not fall into any of the exclusion criteria categories and have 
no history of concussion will become the control group for the purposes of this study.  
Instrumentation  
Demographic Surveys 
  Two surveys will be utilized to screen participants and to obtain demographic and 
medical history information. The initial survey will be related directly to concussion history and 
whether or not each potential participant has ever sustained a concussion diagnosed by a medical 
professional and, if applicable, how many. Further questions in this demographic survey will 
include age, sex, and sport in which they participate/have participated in if applicable. A second 
 50 
survey aimed to collect an in-depth medical history will be administered when participants report 
for the single testing period (see additions following methods). 
Eye Tracking 
 The Tobii Pro Spectrum eye tracking system will be utilized for this study (TobiiPro 
Spectrum, TobiiPro Lab, Reston, VA). This system measures binocular bright and dark pupil 
tracking and captures 3D eye position measurements and pupil diameter at an accuracy of 0.3° 
and precision of 0.06° RMS. The Tobii Pro Spectrum has a maximum gaze angle of 30° and 
head movement freedom of 34x26 cm. Data will be collected at a frequency of 600 Hz. The 
device contains a total system latency of less than three frames, immediate blink recover time, 
and gaze recovery time of less than 150 ms. The monitor to be used is a 23.8” screen that is 
attached to the unit. The eye tracker device (55x16x6 cm) is mounted on a stand raising it to nine 
cm above the level of the surface of the unit. Participants will be seated 55-75 cm from the eye 
tracker and monitor. The tasks performed by subjects will be monitored by the TobiiPro camera 
systems and data points will be recorded into the TobiiPro Lab database for analysis following 
study completion. Reliability of the instrument to measure saccadic eye movements and anti-
saccadic eye movements is dependent on the specific calibration process of the unit and 
internally verified with performance of measurements. 
Procedures 
Recruitment and Consent 
 Recruitment will occur via emails sent to UNC-CH undergraduate physical activity 
classes, fliers posted in academic buildings, and class announcements made at UNC-CH 
undergraduate classes conducted by the principal investigators and research assistants. 
Information communicated to potential recruits will include the goal of the study (to learn more 
 51 
about the long term effects of concussion) and necessary inclusion and exclusion criteria. Those 
who express interest in participation will provide contact information to the study personnel. 
That contact information will be used by the study personnel to follow up with potential 
participants to determine if the individual is eligible for participation (see initial screening 
questionnaire at conclusion of methods). If eligible, participants will be scheduled for a single 
testing period. Informed written consent will be completed prior to participation in the primary 
study activities. 
Data Collection 
 Data will be collected by study investigators and research assistants. All study personnel 
will be trained in all intake forms employed as well as in the technology utilized for data 
collection. Data collection will occur in a sports medicine research laboratory to facilitate the 
needs of this study. After obtaining written consent, participants will complete a detailed 
demographics and medical history questionnaire, and a battery of additional questionnaires 
including aspects of the Generalized Anxiety Disorder -7 scale (GAD-7), Patient Health 
Questionnaire-15 (PHQ 15) and Perceived Stress Scale-4 (PSS4) as well as the Post-Concussion 
Symptom Score (PCSS). 
Following completion of these forms, subjects will begin the eye tracking portion of the 
study. Participants will be placed in a comfortable postural position that they can maintain for the 
duration of the test with their eyes 55-75 cm from the tracker. Following positioning, a 
calibration procedure will be initiated in order for the tracking system to learn individual 
characteristics of each subject’s eye structure and function. Calibration data will include 
information on refraction and reflection properties of different parts of the eye including the 
fovea and cornea in order to ensure accurate measure of gaze point and an appropriate 3D model 
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of subject’s eye. Procedures for calibration include a data collection period in which subjects are 
presented with two sets of targets, one for calibration and one for validation. Participants will be 
instructed to follow the targets as they appear on various parts of the screen. Once the first set of 
targets has been mapped the second set will be overlaid to ensure congruency in gaze point for 
the individual, with an acceptable value of less than 2° error.[87] Following the calibration task, 
each subject will be given instructions on the cognitive task itself. Instructions will be read aloud 
and confirmed with verbal assent and confirmation of understanding by subjects prior to 
initiation of mechanical data collection. Eye tracking procedures involve subjects performing a 
cognitive reading and memory task presented on a screen with Tobii technology tracking their 
eye movements throughout the course of the tasks. Single testing process is projected to last 
approximately 20 minutes per subject, with order maintained with each individual. 
Survey, Task, and Outcome Measures 
Survey Measures 
 The second demographic survey will include questions of race, ethnicity, gender, age and 
socioeconomic status. Additional surveys will include the GAD-7, PHQ-15, PSS-4 and the PCSS 
for an overview of current subject status.  The GAD-7 is composed of seven items with four 
degrees of severity and typically has a significance cutoff at a score of 10 with each degree of 
severity adding an additional point starting at zero.[88] The PHQ-15 is composed of 15 items with 
three degrees of severity with a highest possible score of 30. Each degree of severity ranges from 
0-2 points. Significant cutoff scores are traditionally ³5, ³10, ³15 respectively.[89]  The PSS-4 is 
a four-item survey assessing stress levels with five levels of severity with point values from 0-4. 
An average score of 5.4 is believed to be correlated with clinically significant levels of stress. [90] 
Finally, the PCSS will provide a simple overview of which subjects may present with 
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concussion-related symptoms at the time of testing. It is a 22-item survey with possible scores 
ranging from 0-6 for each item.   
Horizontal Antisaccades 
  The first task will involve two targets which will alternate randomly to the right and left 
sides of the screen. Subjects will be instructed to avoid looking at the targets as they appear and 
instead perform a saccade in the opposite direction as rapidly as possible.[91] As defined by the 
TobiiPro systems, this will measure the ability of the eye to move the fovea rapidly from one 
point to another with an initial acceleration, peak velocity, and ending with a deceleration. 
Metrics analyzed for the purposes of this study will include the number and percentage of 
directional errors, any latency in the generation of the movement, correction time for incorrect 
saccades, velocity of the saccades, and the mean absolute position errors.[91] 
Self-Paced Saccades 
 The second task will involve two targets displayed on the screen. Subjects will be 
instructed to look back and forth between the two targets as rapidly as possible for a time period 
of thirty seconds as outlined by Johnson et al.[91] This will allow a measurement of the number of 
saccades performed as well as the mean intersaccadic interval within the time constraints.[91] 
Memory-Guided Saccades 
 The memory-guided saccades assessment will include six sequences of targets moving 
horizontally. The movements will be performed three times with a hold of two seconds in which 
the targets remain fixed at their end position – this comprises a single sequence. Each sequence 
will be displayed five times followed by a blank background against which participants are 
instructed to recreate the sequences independent from the cues. Assessment metrics will include 
the number of directional errors and the mean absolute position errors.[91] 
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Reaction Time to External Stimuli 
 In the final task, participants will be asked to react as quickly as possible to a series of 10 
dots presented on screen.[92] Reaction will involve the participant’s dominant hand selecting a 
specific key on computer keyboard. Metrics for this task will include time elapsed between 
presentation of the stimulus and performance of the reactionary task. 
Data Reduction and Statistical Analysis 
Power Analysis 
Previous data comparing concussed individuals with controls on primary saccade gain-
antisaccades, suggest we will need a sample size of 30 (15 controls and 15 previously concussed) 
with a pre-determined alpha of 0.05 and to achieve 80% power. The data driving these 
calculations are a concussed mean (standard deviation) of 1.55 (0.45) and a control group mean 
(standard deviation) of 1.23 (0.31).[91] 
Data Reduction and Statistical Analysis 
 Variables achieved from demographics surveys will be exported from Qualtrics (Provo, 
UT) to compute descriptive data for statistical analysis. Eye tracking metrics of interest will be 
exported from TobiiPro Lab and reduced during pre-data analysis using a custom MATLAB 
program to obtain the outcomes of interest.   
 Dependent and independent variables and associated statistical analyses are summarized 
in Table X.4. Descriptive statistics will summarize all variables of interest including means and 
associated 95% Confidence Intervals for continuous variables and frequencies and percentages 
for categorical variables. Questionnaire variables of interest will include age, sex, history and 
number of concussions (if applicable) sports in which participants have engaged in regularly, and 
other general medical history. Independent t-tests and chi-square test of association will be used 
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to compare demographic and medical history continuous and categorical variables respectively, 
between the concussion and no concussion history groups.   
Eye tracking metrics of interest will include number and percentage of directional errors, 
latency in the generation of movement, correction time for incorrect saccades, velocity of 
saccades, mean absolute position errors, number of saccades performed within the time 
constraints, mean intersaccadic interval, number of directional errors, mean absolute position 
errors, time elapsed between presentation of the stimulus, and performance of the reactionary 
task.  
Separate linear mixed effects models will be used to examine how individuals’ 
concussion history in the context of potential covariates may explain each of the eye tracking 
behavioral outcomes. To account for latent heterogeneity between subjects and their responses to 
the tasks, the models will include random effects, one ‘by-subject’ effect of participant, and 
concussion history as a grouping variable. Covariate considerations will include sex, presence of 
psychiatric/psychological condition, and learning disability or ADD/ADHD. 
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Statistical Analysis Plan 
IV Task DV Analysis Type 
Concussion 
History 
Horizontal 
Antisaccades 
o Number and 
percentage of 
directional errors 
o Latency in the 
generation of 
movement 
o Correction time for 
incorrect saccades 
o Velocity of 
saccades 
o Mean absolute 
position errors 
5 Linear mixed effects model 
 
Random effect: by subject 
 
Grouping variable: concussion 
history 
Self-Paced 
Saccades 
o Number of 
saccades 
performed within 
the time constraints 
o Mean intersaccadic 
interval 
2 Linear mixed effects model 
 
Random effect: by subject 
 
Grouping variable: concussion 
history 
Memory-
Guided 
Saccades 
o Number of 
directional errors  
o Mean absolute 
position errors 
2 Linear mixed effects models 
 
Random effect: by subject 
 
Grouping variable: concussion 
history 
Reaction 
Time to 
External 
Stimuli 
o Time elapsed 
between 
presentation of the 
stimulus and 
performance of the 
reactionary task 
1 Linear mixed effects model 
 
Random effect: by subject 
 
Grouping variable: concussion 
history 
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Exploratory Methods Initial Screening Survey 
Initial Inclusion/Exclusion Survey 
Thank you for your interest in participating in our study!  Please fill out the following questions 
to the best of your knowledge and one of our research staff will contact you regarding your 
eligibility. 
 
Q1. Are you a student at UNC-Chapel Hill? 
Q2. Do you participate in at least 30 minutes of physical activity 3 times per week? 
Q3. What academic year are you? (CIRCLE ONE)   
 FR So  Jr Sr Graduate/Professional  Other 
 Q4. Do you currently have a concussion?  
Q5. Do you have any cardiovascular abnormalities? 
Q6. Do you have any pulmonary abnormalities? 
Q7. Do you have corrected vision? If so, do you wear glasses or contact lenses? 
Q8. If you wear glasses, do they have more than one power or gradient? 
Q9. Do you have a history of eye surgery? 
Q10. Do you have any of the following? Lazy eye, strabismus, nystagmus 
Q11. Have you ever been diagnosed with ADD/ADHD? 
Q12. Have you ever been diagnosed with a learning or developmental disability? 
 If so, please specify: __________________________________________ 
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Exploratory Methods Testing Session Survey 
Testing Session Survey  
Q1. Participant ID 
Q2. Age 
Q3. Sex 
Q4. Which one of the following would you say is your race: 
  White      Black or African American  
  American Indian or Alaska Native   Asian  
  Asian Indian     Chinese  
  Filipino     Japanese  
   Korean     Vietnamese  
  Other Asian     Pacific Islander 
  Native Hawaiian     Guamanian or Chamorro 
  Samoan      Other Pacific Islander 
  Hispanic/Latino(a)/Spanish 
Q5. Have you been diagnosed with ADHD? 
Q6. Have you been diagnosed with any other learning disabilities? 
Q7. Do you have a history of consistent migraines? 
Q8. Have you been diagnosed with anxiety? 
Q9. On average, how many hours of sleep do you get a night? 
Q10. Concussion 
A concussion is a change in brain function following a force to the head, which may be 
accompanied by temporary loss of consciousness and is identified in awake individuals with 
measures of neurological and cognitive dysfunction. 
Common Concussion Symptoms Include: 
 headache   dizziness 
 irritability   feeling in a fog 
 nausea    loss of balance 
 poor balance   memory loss 
 fatigue    loss of energy 
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 drowsiness   blurred vision 
 feeling slowed down  difficulty focusing 
 sensitivity to light/noise  difficulty concentrating 
 
Q11. Have you ever had a concussion diagnosed by a healthcare professional (physician, athletic 
trainer, nurse practicioner) If yes, did you ever receive any eye rehabilitation during the process 
of recovery? 
 
Q12. How many concussions have you had in your lifetime? (CIRCLE ONE) 
 
 1  2  3  4  5+ 
 
Q13 How long ago was your most recent concussion? (Days) 
 
Q14. How long ago was your most recent concussion (Months) 
 
Q15. How long ago was you most recent concussion (Years) 
 
Please answer the following questions regarding your MOST RECENT CONCUSSION (if 
applicable): 
 
Q16. Date of prior concussion: (mm/dd/yyyy) 
 
Q17. How long did it take for you to recover? 
 Within 2 Weeks 
 Within a month 
> one month 
> one year 
 
Q18. Did you lose consciousness upon injury? 
  
Q19. Describe below how you sustained your concussion: 
 
 
Please answer the following questions regarding your SECOND (most recent) CONCUSSION 
(if applicable): 
 
Q20. Date of prior concussion: (mm/dd/yyyy) 
 
Q21. How long did it take for you to recover? 
 Within 2 Weeks 
 Within a month 
> one month 
> one year 
 
Q22. Did you lose consciousness upon injury? 
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Q23. Describe below how you sustained your concussion: 
 
 
Sport History 
 
Below is a list of contact/collision sports: 
 Football  Lacrosse  Wrestling 
 Baseball  Field Hockey  Basketball 
 Soccer   Rugby   Ice Hockey 
 Pole Vault  Equestrian  Cheerleading 
 Diving   Water Polo  Gymnastics 
 Softball 
 
Q24. How many of these sports listed above have you played competitively (club, school, etc)? 
Please CIRCLE one: 
 
 0  1  2  3+ 
 
If you feel as though you have participated in a collision sport that is NOT listed, please let the 
research assistant know. 
 
 
 
 
 
For each sport in which you have participated, please complete  the following: 
 
SPORT 1) Please circle the sport you are referring to when completing this page: 
 Football  Lacrosse  Wrestling 
 Baseball  Field Hockey  Basketball 
 Soccer   Rugby   Ice Hockey 
 Pole Vault  Equestrian  Cheerleading 
 Diving   Water Polo  Gymnastics 
 Softball 
 
Q25. What position did you play? 
 
Q26. How old were you when you participated in your FIRST competitive season? 
 
Q27. How many years did you spend playing competitively? 
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PHQ-15 During the past 4 weeks, how much have you been bothered by any of the following 
problems? 
 
 Not bothered at all Bothered a little Bothered a lot 
 
Stomach Pain    
Back Pain    
Pain in arms, legs, or 
joints (knees, hips, 
etc) 
   
Headaches    
Chest pains    
Dizziness    
Faint spells    
Feeling your heart 
pound or race 
   
Shortness of breath    
Pain or problems 
during sexual 
intercourse 
   
Constipation, loose 
bowels, or diarrhea 
   
Nausea, gas, or 
indigestion 
   
Feeling tired or 
having low energy 
   
Trouble sleeping    
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GAD7-1 Over the last 2 weeks, how often have you been bothered by the following problems? 
 
 Not at all Several days Over half the 
days 
Nearly every day 
Feeling nervous, 
anxious or on 
edge 
    
Not being able 
to stop or control 
worrying 
    
Worrying too 
much about 
different things 
    
Trouble relaxing     
Being so restless 
that it’s hard to 
sit still 
    
Becoming easily 
annoyed or 
irritable 
    
Feeling afraid as 
if something 
awful might 
happen 
    
 
 
GAD7-2 If you checked off any problems, how difficult have these made it for you to do your 
work, take care of things at home, or get along with other people? 
 
 Not difficult at all Somewhat difficult Very difficult Extremely Difficult  
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PSS-4 The following questions ask you about your thoughts and feelings over the last month. In 
each case, indicate how often you felt or thought a certain way. Although some questions are 
similar, there are differences between them and you should treat each one as a separate question. 
 
 Never Almost never Sometimes Fairly often Very often 
How often do 
you feel that 
you are 
unable to 
control the 
important 
things? 
     
How often do 
you feel 
confident in 
your abilities 
to handle 
your 
problems? 
     
How often do 
you feel 
things were 
going your 
way? 
     
How often do 
you feel that 
difficulties 
were piling 
up so high 
that you 
could not 
overcome 
them? 
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PCSS Circle one for each listed 
 None Mild Moderate Severe 
Headache 
 
0 1        2 3        4 5       6 
“Pressure in head” 
 
0 1        2 3        4 5       6 
Neck pain 
 
0 1        2 3        4 5       6 
Nausea or vomiting 
 
0 1        2 3        4 5       6 
Dizziness 
 
0 1        2 3        4 5       6 
Blurred or double vision 
 
0 1        2 3        4 5       6 
Balance problems 
 
0 1        2 3        4 5       6 
Sensitive to light 
 
0 1        2 3        4 5       6 
Sensitive to noise 
 
0 1        2 3        4 5       6 
Feeling slowed down 
 
0 1        2 3        4 5       6 
Feeling “in a fog” 
 
0 1        2 3        4 5       6 
“Don’t feel right” 
 
0 1        2 3        4 5       6 
Difficulty concentrating 
 
0 1        2 3        4 5       6 
Difficulty remembering  
 
0 1        2 3        4 5       6 
Fatigue or low energy 
 
0 1        2 3        4 5       6 
Confusion 
 
0 1        2 3        4 5       6 
Drowsiness 
 
0 1        2 3        4 5       6 
Trouble falling asleep 
 
0 1        2 3        4 5       6 
More emotional 
 
0 1        2 3        4 5       6 
Irritability 
 
0 1        2 3        4 5       6 
Sadness 
 
0 1        2 3        4 5       6 
Nervous or anxious 0 1        2 3        4 5       6 
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